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論文内容要約 
 Polymer electrolyte membrane fuel cells (PEMFCs) are promising power sources for automotive use. For the large-scale 
commercialization of PEMFC vehicles, reduction of Pt amount in catalyst layers (CLs) is indispensable to achieve an affordable price. 
Significant improvement of the catalytic activity has been achieved through the development of various advanced catalysts. As a significant 
reduction of Pt loading in CLs has come closer to reality through the improvement in catalytic activity, a limitation of reactant gas transport 
locally taking place in the carbon primary particle level emerges as a key challenge. However, the origin of such a large local gas transport 
resistance has still been controversial because of the difficulties in the measurement of structures and transport properties on an atomistic scale. 
Therefore, the improvement of local gas transport as a result of thorough understanding of the origin of the large local gas transport resistance 
and the optimum design of CLs has been strongly desired. A proton conducting ionomer is essential for proton transport, while an excess 
amount of ionomer inhibits the transport of reactant gases. An optimization of ionomer morphology in CLs has been recognized as a key issue 
for the improvement of the local gas transport, but it has been a formidable challenge because of the complexities and large number of 
controlling parameters in the structure formation process. Despite the many efforts to unveil the phenomena taking place during the fabrication 
process, the detailed mechanism of ionomer structure formation has still been elusive. In this thesis, we aim to reveal the mechanism of the 
ionomer structure formation during the fabrication process by a molecular dynamics simulation towards the improvement of the local gas 
transport in CLs. 
First, the origin of the large local gas transport resistance in CLs was investigated through the development of a macroscopic 
mathematical model focusing on local gas transport in a single carbon primary particle. The conventional agglomerate model 
failed to predict the experimentally measured gas transport resistance of CLs with different effective Pt surface areas. Two 
local gas transport processes—gas transport through an ionomer thin film at Pt particles deposited on the surface of the carbon 
primary particle and gas transport through water at Pt particles deposited inside the carbon primary particle—were newly 
introduced in the conventional agglomerate model. The developed model showed qualitative agreement with the 
experimentally measured gas transport resistance of CLs with different effective Pt surface areas. The experimental data were 
quantitatively reproduced by significantly reducing the gas permeability for the local gas transport processes in the vicinity of 
the Pt surface, which was 1/4–1/20 of the permeability measured in the bulk materials. The corrections of gas permeability 
were all related to the local gas transport in the vicinity of the Pt surface, which implied the presence of a high energy barrier 
for reactant gas transport at ionomer/Pt and water/Pt interfaces. Such a high energy barrier for the gas transport at ionomer/Pt 
and water/Pt interfaces could be derived from the highly dense ionomer and water structure in the vicinity of Pt surface. The 
parametric study with the developed model suggested that the gas transport resistance could be reduced to be about half of the original 
value by increasing the amount of Pt on the surface of carbon primary particles with the use of carbon with less primary pores, decreasing the 
ionomer thickness by reducing the ionomer content, and decreasing the average Pt radius. For the further reduction of the gas transport 
resistance in CLs, the improvement of the gas permeability through the ionomer is indispensable. The control of the ionomer morphology in 
CLs through the optimization of the fabrication process is strongly desired to improve the gas permeability through the ionomer in CLs. 
Second, followed by the observation above, the structure formation of ionomer in catalyst ink was studied by molecular dynamics 
simulations. Ionomer adsorption at the surface of a flat graphite sheet in a solvent-saturated environment was thoroughly examined in an 
atomistic scale. The ionomer was adsorbed on the graphite sheet predominantly via the backbone with side chains pointing away from the 
graphite sheet. The amount of ionomer adsorbed on the graphite surface greatly depended on the equivalent weight (EW) of the ionomer and 
the alcohol content in the solvent. In the case of pure water solvent, a higher ionomer coverage was obtained when the EW of the ionomer was 
low. The adsorption of low EW ionomer could contribute to the reduction of the interfacial energy at the hydrophobic graphite surface by 
forming the thin-film structure with high density of sulfonic acid groups orienting toward the solvent. In contrast, the strong aggregation of 
ionomer could cause the low ionomer coverage of high EW ionomer in water-rich solvent. The coverage of low EW ionomer significantly 
decreased with increasing alcohol content, possibly due to the reduction of the interfacial energy at the graphite surface, improvement of 
ionomer dispersivity in the solvent, and increase of electrostatic repulsive interaction among dense sulfonic acid groups. The coverage of high 
EW ionomer increased with increasing alcohol content, then decreased at high alcohol content. The ionomer coverage at the surface with 
ionized functional groups was lower than that of the bare graphite surface, which indicated a significant effect of the electrostatic repulsive 
interaction between negatively charged functional groups and sulfonic acid groups on the ionomer adsorption. The effect of the alcohol content 
and EW of the ionomer on ionomer coverage still remained even in the presence of strong electrostatic interactions between sulfonic acid 
groups and the functionalized carbon surface. These results clearly indicate that the composition of solvent must be thoroughly tuned 
depending on the ionomer configuration and the surface property of carbon materials for the optimum design of the CL. However, for a further 
understanding of the detailed mechanism of ionomer adsorption at the carbon surface, a detailed investigation such as a free energy analysis on 
both ionomer adsorption at the carbon surface and dissolution into the solvent is indispensable. 
Third, for a further understanding of the detailed mechanism of ionomer adsorption at the carbon surface, a dissolution free energy 
of an ionomer in a solvent and an adsorption free energy of an ionomer at a graphitized carbon surface were investigated using molecular 
dynamics simulations. The Gibbs free energy of ionomer dissolution in the solvent and ionomer adsorption at the graphite surface was 
calculated by integrating the free energy change of the intermediate steps generated by gradually decoupling both the Coulomb and 
Lennard-Jones interactions between the ionomer and the other components. The free energy difference between the intermediate steps was 
calculated by the Bennett’s acceptance-ratio method. The dissolution free energy of high EW ionomer in pure water solvent was considerably 
higher than with low EW ionomers because of the high interfacial energy due to the low surface density of sulfonic acid groups of high EW 
ionomer. The increase of alcohol content led to the decrease of the dissolution free energy for high EW ionomer due to the low interfacial 
energy derived from the high affinity of alcohol for the ionomer. In contrast, the influence of alcohol content on the dissolution free energy was 
small in the case of low EW ionomer. The increase in the solvation free energy of sulfonic acid groups with the increase of alcohol content due 
to the low dielectric constant of the solvent could compensate the decrease of the interfacial energy in the case of low EW ionomer. The lowest 
adsorption free energy was obtained in the case of high EW ionomer in pure water solvent because of the high dissolution free energy. The 
adsorption free energy increased with the increase of alcohol content in the case of high EW ionomer due to the decrease in the dissolution free 
energy. In contrast, in the case of low EW ionomer, the addition of alcohol lowered the free energies of the ionomer both in a solvent and at the 
graphite surface to the same extent, resulting in the lower dependence on the alcohol content. The estimated adsorption free energy could 
explain the previously calculated ionomer coverage at the graphite surface except for two extreme cases, high EW ionomer in pure water and 
low EW ionomer in an alcohol-rich solvent. This indicates that the ionomer adsorption at the graphite surface could be dominated by the 
adsorption free energy of the ionomer on the graphite sheet in most of the cases considered in the present study. The aggregation or repulsion of 
multiple ionomer molecules, which was not considered in the present free energy study, could dominate the structure formation in the case of 
high EW ionomer in pure water and low EW ionomer in an alcohol-rich solvent. 
Finally, the guideline towards further reduction of the local gas transport resistance by the optimization of the fabrication parameters 
and the choice of materials was proposed. As proposed above, the local gas transport resistance can be reduced by increasing the amount of Pt  
on the surface of the carbon primary particles with the use of carbon with less primary pores. The problem of this type of the catalyst could be 
derived from the highly dense ionomer film adsorbed at the surface of Pt deposited outside the carbon primary particles. The formation of the 
dense ionomer film on Pt surface could be mitigated by the optimization of the fabrication parameters and the choice of materials. The 
aggregation of ionomer in the solvent could be significantly enhanced with the use of high EW ionomer and water-rich solvent, which could 
deny the ionomer adsorption onto Pt deposited carbon (Pt/C). The adsorption of aggregated ionomer could be further reduced by introducing 
the functional groups at the surface of carbon which enhances the electrostatic repulsive interaction between Pt/C and aggregated ionomer. As a 
result, the aggregated ionomer could be deposited in the vicinity of Pt particles with the open space instead of forming the highly dense ionomer 
film at the surface of Pt particles. These countermeasures are expected to reduce the ionomer coverage at Pt particles outside the carbon primary 
particles and result in the reduction of local gas transport resistance. Although the guideline towards the reduction of the local gas transport 
resistance was clearly proposed, further efforts are necessary to maximize the I-V performance by optimizing the structural and fabrication 
parameters through the investigation of the negative impact of the countermeasures on the other properties such as proton transport and catalytic 
activity. 
Consequently, in this thesis, the origin of the large local gas transport resistance in CLs and the mechanism of the ionomer structure 
formation during the fabrication process have been studied by applying both a macroscopic model and an atomistic simulation. The multi-scale 
approach introduced in the present study successfully delivers the guideline towards the improvement of the local gas transport in CLs through 
the fundamental understanding on the mechanism of the local gas transport phenomena and the ionomer structure formation in the catalyst ink. 
The methodology and findings could contribute to the further reduction of Pt loading in CLs for the large-scale commercialization of PEMFC 
vehicles. 
